The Westlink is one of the major city development projects of the Swiss federal railway company (SBB CFF FFS) 
Introduction
The city of Zürich in Switzerland is expanding its downtown to the former industrial district of Zürich West. Many companies are moving their headquarters into this part of the city that was previously dominated by industry. The new buildings are therefore going to be constructed on an already heavily built underground: in particular important pipelines lay beneath the future buildings and should not be damaged during construction. The large building complex Westlink, also located in this district, is being built in a strategic location near the Altstetten railway station (Figure 1 ).
Figure 1 Rendering of the Westlink buildings in Zürich
One of the most important drinking water pipelines runs approximately 10 m below the new building. In order to assess if the additional load from the buildings is could damage the pipeline, settlement analyses were carried out by the Swiss federal railway company (SBB). Additionally, the Zürich Drinkwater Authority (WVZ) commissioned the company Basler & Hofmann AG for a detailed analysis regarding the pipeline safety during and after construction of the building and to supervise the works.
In order to supervise the construction activities, a reliable monitoring concept was requested by Basler & Hofmann AG that was successively implemented by the SBB. The results of the modelling, the monitoring concepts, the measured settlements and validation of geotechnical parameters are described in this paper.
Geology
During the last glaciation, a large glacier covered the entire valley of the river Limmat in Zürich (Jäckli Geologie 2008) . After the glacier melted, a large lake formed. This lake was later filled with sand and clay sediments. After the lake disappeared, the river covered the floor with gravel, the so called 'Limmat Schotter'. The sand and clay sediments are very stiff and probably partially overconsolidated due to the wandering of the glacier front. The type and thickness of soils on the site are described in Table 1 . The geological-geotechnical site characterisation was obtained by inverse analysis of settlements induced during construction of a nearby highway bridge (Gysi Leoni Mader AG 2005) . The geotechnical parameters are listed in Table 2 . Unfortunately, the dimensions of the bridge foundation are rather small compared to the one of the future building. This means that the new building compared to the bridge is going to load the soil to a much deeper level. Later in the paper it will be shown that the soil characterisation based on inverse analysis of the bridge settlements is not reliable for predicting the settlements of the new foundation.
3D finite element analysis

Boundary conditions and adopted FE model
A three-dimensional model of one relevant part of the building complex ( Figure 2 ) is implemented in the FE program PLAXIS 3D Foundation (Brinkgreve et al. 2007) (Figure 3 ). This building part is constructed directly above the pipeline. In order to minimise the effects of the boundary conditions, the dimensions of the FE model are chosen three times larger than the correspondent foundation x-y lengths. Also, the model depth z is chosen three times larger than the foundation length. The foundation slab of the building and the piles are modelled with shell and embedded pile elements. The building walls and roofs are modelled as an additional load (Figure 3 ). 
Choice of constitutive model for the soil
In a first analysis, the elasto-plastic strain hardening constitutive model (Hardening Soil small model, HSs) that is implemented in PLAXIS 3D Foundation was chosen. This constitutive model was developed in order to model the mechanical behaviour of a granular soil with a low degree of plasticity (Schanz et al. 1999; Benz 2007) . The model allows in particular reproducing the stress and strain level dependent stiffness of soils and is widely adopted especially for practical applications.
In order to carry out a conservative prediction for the settlements of the pipeline, the higher stiffness of the soils (Burland 1989; Benz 2007) at small strains was neglected. It will be shown later, that for predicting correct settlements the small strain stiffness of soil, in particular of the deeper layers where the strains are very low, has to be taken into account. FMGM 2015, Sydney, Australia
The pressure dependent stiffness parameters (for pref = atmospheric pressure: 100 kPa) for the Hardening Soil constitutive model (the small strain stiffness is not taken into account) are listed in Table 3 . 
Settlements and critical values
The pipeline itself could not be modelled with the PLAXIS 3D foundation software; therefore, only soil settlements at the depth of the pipeline were analysed.
In order to assess the influence of settlements on the safety of the pipeline, a finite element analysis of the pipeline structural elements is carried out with the FE program AXIS. The pipeline is made of interconnected concrete covered 4.5 m long steel cylinders; therefore, its critical point is represented by the welded connections. To analyse the pipeline safety, the tensions in the welded connections due to different settlement gradients were determined. Critical settlement gradients are determined according to the results of the PLAXIS 3D Foundation analysis (Table 4 ). The gradient is calculated as the highest value of the tangent to the curve between maximum and 0 settlement. 
Fibre-optic monitoring concept
In order to validate the modelling and to provide for early warning in the event that settlements exceed the expected values, monitoring of soil compression was requested. The idea was to install a monitoring system capable of locating and quantifying the soil compression below the foundation down to the depth of the water pipeline. Several conditions were set by the nature of the project, such as remote access, distributed compression over depth data and last, but not least, financial constraints. Thus, monitoring by conventional methods seemed unviable. However, a capable method to fulfil these conditions was found to be the distributed fibre-optic sensing technology. The chosen technology, the monitoring concept as well as the monitoring results are described in the next chapter.
Distributed fibre-optic sensing technology
Distributed fibre-optic strain sensors offer new possibilities in the field of geotechnical monitoring. By integrating a single sensor cable into the soil or structure, an unprecedented amount of accurate, spatially resolved data can be obtained. Current commercially available technology allows for strain measurements in the microstrain (με) range (0.0001%) with a spatial resolution of 1 m along a 30 km long fibre.
A distributed sensing system means that sensor data is continuously (distributed) obtained over a specific distance. This can be idealised as a gapless array of numerous point sensors aligned one after another.
Continuous strain along optical fibres can be measured by several techniques based on the Brillouin scattering effect: spontaneous Brillouin scattering occurs when a light pulse guided through a silica fibre is backscattered by a nonlinear interaction with thermally excited acoustic waves. The scattered light undergoes a frequency shift, which is directly related to the strain and temperature in the medium. Thus, in addition to the strain sensor cable, a loose fibre must be placed for temperature compensation. The backscatter is recorded in the time domain to obtain information of the scattering location along the fibre and the frequency shift of the signal is analysed and converted into strain and temperature data.
When using spontaneous Brillouin scattering, the signal is weak and thus, frequency shift information not very accurate as well as possible distance of signal transfer is limited. In the more refined stimulated Brillouin setup (e.g. Brillouin Optical Time Domain Analysis -BOTDA), two counter-propagating light waves at different frequencies interact via stimulated acoustic waves (Horiguchi & Tateda 1989) . The interaction results in an energy transfer and thus, amplifies the signal, which leads to higher accuracy of the measured strain as well as longer sensor lengths.
BOTDA technology is used in the present monitoring project. With this technology, the strain measured is an average value over the spatial resolution (typically 1 m), which corresponds directly to the wavelength of the light pulse sent down the fibre. The measurement accuracy is about 2 to 10 με and the maximum sensing distance is >30 km.
Measurement concept: borehole-embedded distributed fibre-optic sensors
For measuring earth strain, several authors have already suggested and applied fibre-optic sensors embedded into a borehole (e.g. Nöther et al. 2011; Iten 2011; Blum et al. 2008 and Yoshida et al. 2002) . For scientific purposes, these systems worked well and provided very useful data. Commercialisation of borehole-embedded distributed fibre-optic sensor measurement systems was started in 2011 by the company Marmota Engineering AG under the name BoreScan. Such BoreScan systems have been applied in the current project.
The concept is that a well-protected fibre-optic cable is inserted into the borehole (see Figure 5 ). The sensor then needs to be pre-tensioned within the borehole in order to later be able to measure compression. The sensor cable is pre-tensioned against a rod and kept in position within the borehole using additional weight at the bottom. This allows compressive strains of up to 3,000 microstrains to be FMGM 2015, Sydney, Australia measured. In addition, a temperature sensor is placed in the same borehole. In the next step, a cementbentonite grout of similar stiffness as the surrounding soil was used to backfill the borehole. The grout is intended for the overall bonding between the cable and the soil.
Careful attention should be given to the sensor cable selection, since this is a compromise between stiffness, bonding to grout properties and protection of the fibre inside. The selection significantly impacts the overall system sensitivity: a steel protected cable with a larger diameter might be the best choice in terms of protection. However, such a cable can be very stiff und thus, when settlements occur around the cable, it might be just standing within the ground like a stiff pile. Hence, no strains from the settlements are transferred to the current sensor location; the fibre within the well protected cable. And thus, no or incorrect soil strain is measured by the system.
Figure 5 Backfilling the borehole with a cement-bentonite grout after having placed the sensor in the borehole
Instrumentation for the Westlink Project
Since the main water pipeline is a critical infrastructure of the Zürich Drinkwater Authority (WVZ), an extensive instrumentation was required. The idea was to equip 5 cross-sections with distributed sensors on each side of the pipeline (see Figure 6 ). The sensors are embedded in up to 18 m deep boreholes, leading from the foundation level down to the level of the pipeline. Eight boreholes were instrumented with fibre-optic sensors (BoreScan), two boreholes were equipped with USBR settlement probes.
Figure 6 Position of the fibre-optic (FO) and conventional USBR extensometer
The USBR conventional sensing is carried out by inserting a probe into a tube grouted within the borehole (Clayton et al. 1995) . This implies that access to the borehole head is required for every measurement. Sealing this hole in the foundation, which in turn is required for accessing the borehole head, is a critical point.
The BoreScan sensors were all cabled to measurement shafts outside the foundation. Thus, no sealing issues appeared and remote sensing is possible. The cabling runs through the foundation (cables are embedded in the concrete -see Figure 7 ) and was completed about four months after installation of the sensors. At this point, current construction of the building started. Seven of the eight installed sensors survived the heavy earthwork, the driving-in of the sheet pile walls in close proximity and the concrete pouring of the foundation.
Figure 7 Cabling within the foundation slab with cables attached to the rebars 9 Monitoring
At the measurement shafts, the sensors are connected to the readout unit for measurement. A single measurement takes about to 2 to 15 min, depending on the desired measurement resolution and accuracy.
The Westlink monitoring program consisted of a zero-measurement and five measurements timed at respective construction stages (see Table 5 ). Further measurements are planned for the second phase of the Westlink construction 2015. 
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Monitoring results
In Figure 8 , the results from the monitoring sensor 904 together with USBR settlement probe 903 are shown. The settlements of all measurements/calculations are zeroed at the bottom of the borehole for better comparison. However, one has to be aware that this does not mean that no settlements occur below the borehole depth but they are not measured using this type of installation. The settlements below the bottom of the borehole are not of significant amount as can be seen from the comparison at the borehole top between the geodetically measured settlements and the settlements integrated from the fibre-optic strain measurements. These lower settlements have thus been neglected for the present comparison. The increase of settlements with different building heights and its decrease with depth can be clearly observed.
The conventional USBR extensometers that were installed in order to validate the fibre-optic sensor readings did not deliver reliable results after the second floor reading (measured settlements ten times higher than those from the geodetic measurements). The two different measurement methods correspond well when comparing it over the whole depth of the borehole. The accuracy and the spatial resolution of the fibre-optic measurements are much higher though. (Brinkgreve et al. 2013 ) in order to validate the geotechnical parameters adopted for the prediction of settlements.
With this new version of the software, it was possible to model also the pipeline and to determine its displacements.
The last measurement took place after be the completion of the fifth floor. At this stage, the building shell was completed.
In the FE model, only the load due to the building shell is introduced. Compared to the first calculation in the current PLAXIS 3D model the loads are therefore reduced to 65%.
It is observed that the geodetically measured settlements (the lower loading level is taken into account in the new calculation) are considerably lower than predicted, approximately by a factor of four.
In order to reproduce the same values as the calculated surface settlement in the model, the small strain stiffness of the soil has to be introduced (Table 7) . The increasing factor for the elastic shear modulus E0 compared to Eur has been chosen equal to 4. This value is not uncommon for similar soils (Lo Presti et al. 1997) . FMGM 2015, Sydney, Australia Figure 9 shows the settlements versus depth measured with the fibre-optic sensors 902, 904 and 906. In order to compare measured and calculated settlement, the last ones have to be set to 0 at the bottom end of the borehole. These plotted settlements are relevant for determining the maximum value of the pipeline settlement gradient. Geodetic measurements on the same points showed a total settlement of 5 mm (Table 6 ). The measured and the calculated settlements show remarkable good agreement: not only the vertical displacements on the surface, but also the shape of the settlements decrease versus depth correspond well. It can also be observed that the difference between measured and calculated displacements increases towards the surface (foundation slab). One possible explanation can be the effect of grout sedimentation: the density of the grout in the uppermost metres seems to be much lower than in the bottom of the borehole, due to the bleeding of the grout suspension. According to the opinion of the authors, the cable is much better embedded in the lower part of the hole, thus in this region the measured settlements are more reliable. Table 3 ) and with small strain stiffness (parameter values from Table 7) respectively.
The settlement values calculated taking into account the small strain stiffness correspond very well to those obtained with the geodetic measurements. FMGM 2015, Sydney, Australia Table 3 ) and with small strain stiffness (parameter values from Table 6) respectively. A very important output of the analysis and monitoring is that the current pipeline settlement gradient is far below the predicted current value alarm value (Table 8) . Therefore, according to the obtained results, the pipeline safety is not endangered by the construction activities. 
Conclusion
A three-dimensional finite element calculation was carried out in order to assess the impact of the additional loading due to a new building on an existing drinking water pipeline.
Critical values of the gradient of pipeline settlement have been defined based on a finite element calculation of the pipeline structure.
A new state of the art monitoring concept based on fibre-optic measuring technology has been implemented in order to monitor the pipeline safety during construction. The installed distributed fibre-optic sensors produced reliable results which could be validated by geodetic methods. In addition, the obtained data was able to provide a complete and accurate picture of soil displacements down to the pipeline level.
The measured displacements were significantly lower than predicted. A new finite element model with actualised geotechnical parameter values has been implemented. It has been shown that the small strain stiffness of the soil has to be taken into account in order to obtain correct settlement prediction. It can be concluded that the current pipeline safety is not endangered by the carried out construction activities.
